ABSTRACT. The haplolepideous mosses (Dicranidae) constitute a large group of ecologically and morphologically diverse species recognised primarily by having peristome teeth with a single row of cells on the dorsal surface. The reduction of sporophytes in numerous moss lineages renders circumscription of the Dicranidae problematic. Delimitation of genera and higher taxa within it has also been difficult. We analyse chloroplast-encoded rps4 gene sequences for 129 mosses, including representatives of nearly all the haplolepideous families and subfamilies, using parsimony, likelihood and Bayesian criteria. The data set includes 59 new sequences generated for this study. With the exception of Bryobartramia, which falls within the Encalyptaceae, the Dicranidae are resolved in all analyses as a monophyletic group including the extremely reduced Archidiales and Ephemeraceae. The monotypic Catoscopium, usually assigned to the Bryidae is consistently resolved as sister to Dicranidae, and this lineage has a high posterior probability under the Bayesian criterion. Within the Dicranidae, a core clade is resolved that comprises most of the species sampled, and all analyses identify a proto-haplolepideous grade of taxa previously placed in various haplolepideous families. The data provide considerable resolution of relationships within the core Dicranidae, yielding a number of well-supported clades. These correspond only roughly to taxa that are currently recognised, and most families and orders of Dicranidae apparently are non-monophyletic under their current circumscriptions.
reclassified mosses based largely on Philibert's (1884 a, b) summary of variation in peristome morphology. Moss taxonomy has since been based primarily on the architecture of this complex structure (see reviews in Edwards 1979 Edwards , 1984 Vitt 1984 ). Crosby's (1980) comments typify the importance placed on the peristome by moss systematists: ''In constructing a classification of the mosses, primary weight must be given to characters of the peristome . . . mosses with similar gametophytes but different peristomes must not be grouped together with mosses which have similar peristomes.'' Within the arthrodontous mosses (with teeth composed of cell wall fragments), several peristome types may be recognised (Edwards 1979 (Edwards , 1984 Schofield 1985; Vitt 1984) . The haplolepideous peristome, in which the outer surface comprises only a single column of cell remnants, is one of these. This condition is in contrast to all other arthrodontous peristome types, in which the outer surface of each tooth consists of two side-by-side columns (diplolepideous). The haplolepideous group is sometimes recognised formally as subclass Dicranidae (Vitt et al. 1998; Buck and Goffinet 2000) .
The haplolepideous peristome is usually composed of one ring of teeth, while diplolepideous peristomes frequently have two. However, one or more of the rings is frequently reduced or lost, and this has led to much confusion. This confusion derives partly from misinterpreting Philibert's papers such that 'haplo' is taken to mean a peristome with a single ring of teeth around the capsule mouth, and 'diplo' a peristome with two such ranks (Edwards 1979) . However, Philibert's classification was not concerned primarily with the number of ranks of teeth but with the way in which teeth are formed from columns of cells arranged around the circumference of the mouth (Edwards 1979) . Edwards (1979 Edwards ( , 1984 showed that the peristome teeth of haplolepideous mosses are developmentally homologous with the inner diplolepideous peristome. He also demonstrated that haplolepideous and diplolepideous peristomes are derived from different numbers of cells in the innermost amphithecial layers-the Outer Peristome Layer (OPL), the Primary Peristome Layer (PPL), and the Inner Peristome Layer (IPL). Haplolepideous peristomes are characterised by a basic (4): 2:3 cell pattern (the number of cells in each layer of 1/8 the capsule diameter). However, variation in the number of divisions in the innermost layer can lead to formulae ranging from (4):2:1-(4):2:8 (e.g. Shaw et al. 1989) . Diplolepideous peristomes have formulae between 4:2:2 and 4:2:14. Edwards also pointed out that during development of haplolepideous peristomes every third anticlinal wall in the IPL is aligned with an anticlinal wall in the PPL, whereas the intervening IPL walls are not aligned with PPL or OPL walls. In the diplolepideous peristomes, either all anticlinal IPL walls are aligned with those in the PPL and OPL (Funaria type; Edwards 1984) or none is aligned (Bryum type; Edwards 1984) . However, these [Volume 29 SYSTEMATIC BOTANY developmental features vary, or at least can be difficult to interpret, in many moss lineages, especially at maturity (e.g. Edwards 1984; Hedderson et al. 1999; Shaw et al. 1989) . Therefore, the presence of a peristome with teeth comprising single rows of cells remains the major morphological feature characterising the haplolepideae. Haplolepideous teeth are diverse in both gross morphology and the patterns of surface ornamentation (Edwards 1984) . Moreover the teeth may be deeply or shallowly forked, and the degree of division is highly variable (Schofield 1985) .
Circumscription of the Dicranidae remains problematic, especially with respect to the relationships of taxa having highly modified or highly reduced sporophytes. Archidium, a genus of small, cleistocarpic mosses with unique capsule development, has for example, variously been placed within families of the Dicranidae, as a separate family within the subclass, as a separate order, or even as a separate subclass of uncertain relationship to the rest of the mosses (Snider 1975a,b; Schofield 1985; Buck and Goffinet 2000) . Similarly, the genus Splachnobryum, with a single row of short teeth, has been treated as a member of the haplolepideous Pottiaceae, or placed in its own family among the diplolepideous Funariineae.
The haplolepideous mosses as currently understood are taxonomically diverse, and in the classification of Vitt (1984; cf. Vitt et al 1998) 5 suborders, 19 families and 212 genera are ascribed to the group. More recently, Buck and Goffinet (2000) have included 5 orders, 26 families and 234 genera. The group is also ecologically diverse, with representatives in virtually every conceivable terrestrial habitat, exhibiting a corresponding range in life history and apparent anatomical and morphological specialisation. A well-resolved phylogeny of the haplolepideae would provide tools (cf. Harvey and Pagel 1991) enabling research into the processes underlying the evolution of a major group of land plants of considerable biogeographic, phylogenetic, and ecological significance.
There have been no attempts to reconstruct higherlevel phylogenetic relationships of Dicranidae based on morphology, although several studies have investigated individual families or lower taxonomic units (e.g. Churchill 1981; Frahm 1991; Zander 1993 Zander , 1998 . In part, this is because of difficulty in making primary homology assessments in such a morphologically varied group. Data on features that potentially could provide a wealth of phylogenetic characters (e.g. peristome ontogeny) are not available for sufficient numbers of taxa.
While recent molecular approaches (e.g. Capesius and Stech 1997; Hedderson et al. 1998; Cox and Hedderson 1999; Stech 1999; Newton et al. 2000) have vastly altered our understanding of moss relationships, the Dicranidae have received relatively little attention in such studies. Most have either included very few representatives of the subclass or have concentrated on smaller groups within it. Nonetheless, these have shown that a number of genera or families previously placed among the other moss lineages actually belong within the haplolepideae (e.g. Wardiaceae (Hedderson et al. 1999) , Goniomitrium and Ephemeraceae ).
In a recent study, La Farge et al. (2000) used three chloroplast DNA regions for 71 representatives of the Dicranidae. Thirteen major clades were identified in combined analyses, corresponding partially to currently recognised families. However, most of the taxa used belong to either the Calymperaceae or Dicranaceae sensu lato, with other families poorly or not represented. Therefore, many questions remain regarding both the circumscription of the Dicranidae as well as delimitation and relationships of the families included within it.
In the present study we analyse a data set for the chloroplast-encoded rps4 gene that includes representatives of virtually all the haplolepideous families and subfamilies. The main objectives of our investigation are to i) test the monophyly and circumscription of the Dicranidae, ii) test the monophyly of its constituent families, and iii) to provide a hypothesis of their phylogenetic relationships.
MATERIALS AND METHODS
The 129 exemplars included in the analyses are listed in Appendix 1. Taxa were chosen to represent all the haplolepideous moss families recognised by Buck and Goffinet (2000) as well as taxa placed in or near the Dicranidae by recent analyses. The only families not represented in this study are Bruchiaceae, Eustichiaceae, Serpotortellaceae, and Viridivelleraceae. The families Pleurophascaceae, Phyllodrepaniaceae, and Sorapillaceae, included in Dicranidae by Vitt (1984) , have since been assigned elsewhere. Our sampling within the remaining families attempts as far as possible to cover the major lineages, at least as these are currently understood. In addition, we included representatives of most peristomate moss orders and, based on earlier analyses Hedderson et al. 1998; Capesius and Stech 1997) , Lyellia (Polytrichales) is used to root trees. Many of the sequences used here were obtained from Genbank, but 59 new sequences were generated in the course of this work (see Appendix 1).
Total genomic DNA was extracted from herbarium specimens by the method of Edwards et al. (1991) with subsequent cleaning using the Wizard TM DNA clean-up kit (Promega), or by use of the DNEasy TM plant extraction kit (Qiagen). Primers rps5 and trnaS (Nadot et al. 1995) were used to amplify the rps4 gene. PCR amplification employed 30 cycles of one minute at 97ЊC (denaturing), one minute at 52ЊC (annealing), and two minutes at 72ЊC (extension), preceded by an initial melting step at 97ЊC and followed by a final extension period of seven minutes at 72ЊC. Fragments were cleaned on QIAquick TM (Qiagen) PCR purification columns. Amplification primers, used in conjunction with the ABI Prism TM Dye Terminator Cycle Sequence kit, were also used as sequencing primers, and sequencing products were resolved on either an ABI 373 (Stretch) or an ABI 377 automated sequencer.
Sequences were assembled and checked for inaccurate base calling using SeqMan II (Laser Gene System software, DNAStar, Inc). Assembled sequences were aligned manually using MegAlign (La-ser Gene System Software, DNAStar, Inc). Only the coding sequence was used for the current analyses, and the non-coding region at the 3Ј end of the amplified segment was excluded. A further 46 bases at the 5Ј end of the molecule were excluded because these positions were missing for many of the species sampled. In total, 552 positions were included in the analysis. Data is deposited in TreeBASE (study accession number S1013, matrix accession number M1709).
The following phylogenetic analyses were performed using PAUP 4.0b8a (Swofford 1998) :
Unweighted Parsimony Analysis. An initial heuristic search was conducted using 10,000 replicates of random taxon addition. All characters were given equal weight and states were unordered. At each replicate, a maximum of two trees was saved. The trees saved in this initial sweep of the tree space were used as starting trees in a second round of tree searching. Each was swapped to completion with TBR branch swapping, and branches were collapsed if maxlengthϭ0. All most parsimonious trees (MPTs) were saved, to a maximum of 40,000.
Successively Weighted Parsimony Analysis. The data set was analysed under a successively approximated weighting approach (Farris 1969; Farris 1989; Goloboff 1993) . A random subset of 10,000 trees was selected from the trees recovered in the unweighted analysis. Each character was weighted by its maximum RCI on the new set of most parsimonious trees, and the process repeated until there was no change in tree length over two successive rounds.
Maximum Likelihood Analysis. The General Time Reversible model (Yang 1993 (Yang , 1994 , incorporating rate variation among sites (GTRϩ⌫), was used for all the likelihood analyses. Rate variation was incorporated by use of a discrete approximation (with four categories) to a gamma distribution with shape parameter ␥. Each category was characterised by its median. Parameters of the likelihood model were estimated from one of the MPTs found in the unweighted parsimony analysis. Ten trees were selected at random, and the GTRϩ⌫ parameters were optimised for each. The tree yielding the highest likelihood score provided the following estimates for the GTRϩ⌫ model: PINVAR ϭ 0.185; ␥ ϭ 0.675; rmatrix ϭ 1.825, 6.762, 0.117, 2.142, 6.691, 1 (A-C, A-G, A-T, C-G, C-T, G-T substitution rates, with G-T arbitrarily set to 1). These were fixed for 10 subsequent heuristic search replicates.
For the likelihood and parsimony analyses, node support was evaluated by the jackknife as implemented in PAUP 4.0b8a. For the parsimony analyses 10,000 ''fast'' (i.e. no branch swapping was performed) jackknife replicates were run, while under the likelihood criterion it was possible to complete only 120 replicates because of time constraints. At each replicate 36.79% of character were deleted, and the ''emulate Jac resample'' option was implemented. Only nodes occurring in Ͼ60% of the replicates were retained in the jackknife consensus tree.
Bayesian Inference. Bayesian phylogenetic analyses were conducted using MrBayes 2.01 (Huelsenbeck and Ronquist 2001) . Three search analyses were performed, each with 1,000,000 generations. Model parameters, including trees, were sampled every 10 generations, under a General Time-Reversible model of DNA substitution, using the empirical base composition and with among-site rate heterogeneity modelled by a gamma distribution plus a proportion of invariant characters (GTRϩIϩG). All parameter settings were set to those estimated in the ML analysis describe above: lset nst ϭ 6 revmat ϭ (1. 825, 6.762, 0.117, 2.142, 6 .691, 1) rates ϭ invgamma shape ϭ 0.675 basefreq ϭ empirical; mcmc ngen ϭ 1,000,000 printfreq ϭ 500 samplefreq ϭ 10 nchains ϭ 4 savebrles ϭ yes. The number of trees needed to reach stationarity (i.e. the 'burnin') in the Markov chain Monte Carlo (mcmc) algorithm was estimated by visual inspection of the plot of ML score at each sampling point using GNUPlot-3.7.pl (Williams et al. 1999) . The trees of the burnin for each search analysis were excluded from the tree set. The remaining trees from each analysis were combined to form the full sample, which we assume to represent the posterior probability distribution of trees. The posterior probability of clades was estimated by calculating a 50% majorityrule consensus tree in PAUP 4.0b8a.
RESULTS
Across the range of taxa included in our analysis, the rps4 gene sequence exhibits two insertion/deletion events. One is the insertion of the triplet ATA (Isoleucine) in the sequence for Octoblepharum albidum between amino acid positions 25 and 26 relative to the other taxa. The second is the deletion of the triplet AAA (Lysine) in the three representatives of the Funariaceae at position 42 relative to the other taxa as previously reported by Goffinet and Cox (2000) . Of the 552 nucleotide positions included in the analyses, 351 (64%) exhibited variation and 269 (48%) were parsimony-informative. Of the parsimony-informative characters, 78 (29%) are in first codon positions, 52 (19%) are in second positions and 139 (52%) are in third codon positions.
Unweighted Parsimony Analysis. Under equal weights, 40,000 trees were retained (Lϭ1615, CIϭ0.29, RCIϭ0.22). However, ingroup relationships are very well resolved (Fig. 1) since areas of disagreement among MPTs are restricted to relationships among taxa in the outgroup lineages, or among closely related taxa within Grimmiaceae or Dicranum.
The monophyly of a clade comprising all taxa except Lyellia and Diphyscium is very strongly supported (jackknife percentage (JK) ϭ 98). Within this clade, a well supported (JK ϭ 87) diplolepideous-alternate lineage is sister to the remaining taxa. With the exception of Bryobartramia, which is strongly supported (JK ϭ 92) as a member of a clade including the Encalyptaceae, the Dicranidae form a monophyletic group that also includes Archidium, both representatives of the Ephemeraceae and Splachnobryum. There is, however, no jackknife support for this lineage or for the sistergroup relationship of Catoscopium and the Dicranidae. Relationships among the Dicranidae-Catoscopium clade, Timmia, Gigaspermaceae, and a clade comprising Funariaceae, Encalyptaceae-Bryobartramiaceae and Discelium are not resolved in the strict consensus.
Timmiella, Distichium, a clade comprising Scouleria, Dicranoweisia crispula, Drummondia and Bryoxipium, and Ditrichum flexicaule form a grade (that we hereafter term the ''proto-haplolepideae'', in reference to their apparently early divergence from the rest of the group) leading to the core of the Dicranidae. With the exception of the well-supported group comprising Scouleria, Drummondia and Dicranoweisia crispula (JKϭ84), none of this sequence of relationships is supported by the jackknife. For convenience, we delimit eight major clades within the ''core'' Dicranidae (indicated as clades A-H in Fig. 1 ). While only two of these large clades have jackknife support, many of the groupings within them are well supported; individual clades are discussed below. Relationships among the major clades are unsupported by the jackknife.
[Volume 29 SYSTEMATIC BOTANY FIGURE 1. One of the most-parsimonious trees (Lϭ1615, CIϭ0.29, RCI 0.22) from unweighted analysis of the rps4 sequences. Because of its size, the tree is split into two parts. Grey branches collapse in the strict consensus of 40, 000 MPT's. Numbers indicate jackknife support (Ͼ60%) for individual nodes. Ordinal and familial designations following Buck and Goffinett (2000) are shown, and the major clades discussed in the text (A-H) are indicated. Successively Weighted Analysis. Tree length stabilised after four rounds of re-weighting. The major effect of re-weighting (trees not shown) is that most relationships among the major clades within the core Dicranidae and among the proto-haplolepideous and outgroup lineages collapse in the strict consensus. The few novel relationships resolved (e.g. Nanobryum and Leucoloma form a grade to Clade F) are not supported by the jackknife.
Maximum Likelihood Analysis. A single tree (ϪLn likelihoodϭ9057.30199) was retained under the likelihood criterion (Fig. 2) . Under the model used here, all of 40 trees selected at random from the unweighted parsimony analyses had a much lower likelihood (mean ϪLn likelihoodϭ9111.2595) of having given rise to the observed sequences than the ML trees (Shimodaira-Hasegawa statistic; pϽ0.0001 in all cases).
Most of the eight major clades, and all clades with jackknife support in the unweighted parsimony analysis are recovered in the likelihood tree. The main exceptions are that clade C is not recovered and its elements are either nested within, or sister to, several of the other major groupings, and clade G is resolved as a paraphyletic assemblage. Jackknife values under likelihood are higher than those obtained under parsimony. For example, the clade comprising the Dicranidae except the proto-haplolepideae has a jackknife value Ͻ50 in the parsimony analysis, but is moderately well supported (JK ϭ 74) under likelihood. Similarly, the relationship between Seligeriaceae and Grimmiaceae has moderate support under likelihood (JKϭ67) but is not supported under parsimony. Bayesian Inference. Each search required 150,000 MCMC generations to reach stationarity; trees obtained during this period were discarded. The remaining trees sampled from the posterior probability distribu- tion totalled a combined 255,000 for the three analyses. The posterior probabilities of clades are presented in Figure 2 . All nodes with likelihood jackknife support also have high posterior probabilities. In addition, some of the deeper nodes in the tree that lack jackknife support under parsimony or likelihood have high posterior probabilities under this mode of inference.
DISCUSSION
The rps4 gene sequences provide considerable resolution of phylogenetic relationships in the Dicranidae, with clades corresponding to families and genera especially strongly supported. Although some of the higher level clades are supported only poorly or not at all, they are largely consistent among the various analyses. None of the well-supported clades recovered in a study of three gene regions by La Farge et al. (2000) is contradicted here.
In nearly all instances Bayesian posterior probabilities for clades was higher, and often considerably so, than the statistical support implied by the jackknife. The disparity is due in part to the different theoretical concepts of support implied by classical (frequency) statistical methods, such as the jackknife, and those of [Volume 29 SYSTEMATIC BOTANY Bayesian probability. The latter may, or may not, represent a measure of probability in terms of long-term frequency (Shoemaker et al. 1999 ). In addition to the known statistical bias of resampling methods (Hillis and Bull 1993) , the accuracy of the jackknife analyses may have been further compromised by the necessity of employing 'fast' (no branch swapping) analyses. Disparity in support values similar to that shown here has been reported in simulation studies where increased support under Bayesian inference as compared to ML bootstrap has been demonstrated on short, but accurately reconstructed, branches, (Zoller, pers. comm.).
It is clear that the monotypic Bryobartramia, often placed in its own family, is not part of the Dicranidae but rather is closely related to the Encalyptaceae as suggested by Stone (1977) and Zander (1993) . Indeed the available data indicate that it is nested within this family (cf. Zander 1993) . We deal with the exact disposition of this specialised and geographically restricted moss in a separate paper (Hedderson and Nowell, unpublished data) .
The Proto-haplolepideae. In all the analyses undertaken here, Catoscopium, a monotypic genus and sole member of the Catoscopiaceae, is resolved as sister to the haplolepideous mosses, and this result has a very high posterior probability under Bayesian inference. The genus is traditionally placed near Meesiaceae in the diplolepideous alternate mosses, largely based on perceived similarities in gametophyte structure and the shape of the spore capsule. The peristome of Catoscopium is extremely reduced, providing little evidence of relationship. Thus, as presently understood, there is nothing in the morphology of the genus to contradict a placement with the haplolepideous mosses. Given the phylogenetic position hypothesised here for Catoscopium, an understanding of its peristome development should shed some light on the origins of the haplolepideous configuration.
The proto-haplolepideous grade comprises a morphologically disparate set of species normally assigned to various other families or even genera. The Bayesian analysis provides strong support for the exclusion of these species from the core haplolepideae, and other studies are consistent with the results obtained here. For example La Farge et al. (2000), using three chloroplast loci, identify a grade consisting of Bryoxiphium, Ditrichum flexicaule and a different species of Timmiella, T. crassinervis. Members of this grade should become the focus of additional molecular and anatomical study since they appear to represent the early divergences within the Dicranidae. It may be of some biogeographical significance that all members of this grade identified to date are largely restricted to the Northern Hemisphere.
The only well-supported group in the proto-haplolepideae is the clade comprising Scouleria, Dicranoweisia crispula and Drummondia. This contradicts strongly the placement of Drummondiaceae (and its sole genus) in the Grimmiales as suggested by Buck and Goffinet (2000) . A Scouleria-Drummondia group has been identified in several other analyses based on various molecular data sources (e.g. Cox et al. 2000; , but morphological synapomorphies for the clade are not obvious. However, given the high support values and the small DNA distances among the three taxa, we here transfer Drummondia and Dicranoweisia crispula to the Scouleriaceae (Churchill 1981 ) of which we consider Drummondiaceae a synonym. The Core Dicranideae. Although the jackknife provides only weak support for the core Dicranideae, under Bayesian inference this clade has a posterior probability of 1. Many of the clades retrieved within this core group correspond in varying degrees to families and orders that are currently recognised. We use the ordinal and familial circumscriptions given by Buck and Goffinet (2000) as a basis for comparison and discussion.
ARCHIDIALES. The well-supported monophyly of the genus Archidium is scarcely surprising given its unique suite of sporophyte characters (Snider 1975a,b) . This study provides convincing evidence for its inclusion in the Dicranidae rather than as a separate subclass as sometimes suggested. The analyses of Goffinet et al. (2001) also indicate that the group is monophyletic and nested among the haplolepideae. The developmental oddities exhibited by sporophytes of this group seem profound, extending even to the mode of endo-versus amphithecial development. Nonetheless, these unique and seemingly fundamental features evidently have all been derived from a haplolepideous ancestor. Taken together this evidence is suggestive of a major developmental cascade, perhaps associated with extreme reduction and life history adaptation.
The relationship between Archidium and a Bryoxiphium japonicum-Brachydontium clade, which has a high posterior probability under Bayesian inference, has no obvious morphological basis and requires further testing. Further testing is also required of the sister group relationship between Leucobryaceae (see below) and the Archidium-Brachydontium group and the relationship of this entire group to Micromitrium (Clade A). However, structural simplicity may obscure relationships and, given the highly derived and reduced morphology of some of its members, it may not be possible to identify any morphological characters that could shed light on the relationships of this idiosyncratic group. Studies to determine whether any of the developmental features of Archidiales are shared with other members of Clade A deserve high priority.
The polyphyly of Bryoxiphium is surprising given the unique morphology of the genus. Indeed, it is some-times considered sufficiently distinct from all other mosses to warrant recognition at the ordinal level. Furthermore, the two species included in this study are similar enough to each other that some workers have treated them as sub-species.
In order to test the possibility that this unanticipated outcome is a result of laboratory error, or arises through sequencing associated algae, the specimen of B. japonicum sequenced for this study was re-sequenced in a different laboratory. The two sequences obtained are identical, and the top matches obtained with BLAST searches are with members of the Dicranidae. The sequence of B. norvegicum was obtained from GENBANK and we could not verify it in the same manner. However, BLAST searches for this sequence also show top matches with Dicranidae.
Assuming the sequence available for B. norvegicum truly is that species (and we have no reason to believe otherwise), another explanation should be sought. It is possible that the perceived morphological similarity is the result of convergence. Alternatively, processes such as lineage sorting could be involved, with different lineages of Bryoxiphium retaining different versions of an ancestral polymorphism. Distinguishing among these alternatives will require intensive sampling within the genus of both chloroplast and nuclear loci.
GRIMMIALES-SELIGERIALES (CLADE B)
. The Grimmiaceae and Ptychomitriaceae are both well supported, as is their sister relationship to form the Grimmiales. As indicated by Churchill (1981) and discussed above, Scouleria is not part of the Grimmiaceae. Our data also indicate that Grimmia is polyphyletic, with G. torquata sister to the remainder of the family while G. pulvinata is more closely related to Hydrogrimmia and Schistidium. Crum (1994) , on the basis of several morphological character states, has already indicated that G. pulvinata is not a member of Grimmia in the strict sense, and suggested that it might belong in Coscinodon. The rps4 evidence is also inconsistent with the inclusion of Dryptodon in Grimmia (as G. curvata or G. ramondii), as advocated by a number of recent authors (Greven 1995, Muñ oz and Pando 2000) . The current circumscription of genera within Grimmiaceae is problematic and sampling of rps4 and other DNA regions for a broader spectrum of species is required to clarify the situation.
Seligeria and Blindia, two of the three representatives of the Seligeriaceae, form a very strongly supported group, consistent with the unusual peristome configuration that they share (Edwards 1979) . The sister relationship between the Seligeriaceae and Grimmiales (Clade B), with a high posterior probability under the Bayesian approach, was also found by La Farge et al. (2000) and was suggested by Vitt (1984) . The third representative of the Seligeriaceae, Brachydontium trichodes, is strongly supported as a member of a completely separate clade as discussed below. Given the apparent similarity of the peristome in this genus to that of the other Seligeriaceae (Edwards 1979) , this result is surprising and requires further testing. However, our data suggest that the current circumscription of the family will need to be altered.
DICRANALES-POTTIALES (CLADES C-H).
Neither the Dicranales nor Pottiales, as usually defined (e.g. Vitt 1984, Buck and , are resolved as monophyletic. It is evident that the Dicranaceae, and indeed the Dicranales, remain very poorly circumscribed. At least some of the genera are non-monophyletic (e.g. Dicranella), and many of the current subfamilies will not withstand critical inspection. The Ditrichaceae, Erpodiaceae, Rhabdoweisiaceae, Rhachitheciaceae and Schistostegaceae, as well as some elements of Dicranacaeae, all share more recent common ancestry with various members of the Pottiales than with the remaining Dicranales. The Leucobryaceae, here as in La Farge et al. (2000) including the ''dicranaceous'' genera Dicranodontium and Campylopus, are part of a clade including Archidium, Bryoxiphium and Brachydontium (see above).
Clades C and D consist almost entirely of taxa assigned to the Dicranales. Clade D, resolved with moderate jackknife support in both ML and MP analyses and high posterior probability under Bayesian inference, consists largely of a Dicranum-Paraleucobryum group, to which Dicranoloma, Eucamptodon and Wardia are successively sister. Hedderson et al. (1999) demonstrated that Wardia is a member of the Dicranidae, and suggested, on the basis of limited taxon sampling and some sporophytic similarities, that it was related to Seligeriaceae. The current placement of the genus is consistent with its highly enlarged alar cells, and the presence of an interrupted costa as seen in occasional specimens of Wardia (Allen 1983 ) is repeated in some members of the Dicnemonaceae. Furthermore, the habit of Wardia, although the plants are aquatic, is similar to that exhibited by some of the epiphytic Dicnemonaceae. A similar placement was found by Lafarge et al (2002) , who comment further on a number of morphological traits shared by Wardia and Dicranaceae. The fused operculum-columella complex shared between Wardia and some Seligeriaceae (Hedderson et al. 1999 ) must therefore be viewed as a convergence. Similar structures are found in a number of other haplolepideous families; their evolutionary and ontogenetic origins deserve additional study, as do any associations with particular ecological conditions.
Clade C comprises three well-supported genera (Fissidens, Leucoloma and Hypodontium), Nanobryum and a clade comprising Dicranella palustris and Dichodontium pellucidum. None of the relationships among these groups is supported, and under likelihood many members of the clade are resolved among the ''pottialean'' [Volume 29 SYSTEMATIC BOTANY taxa discussed below. The status and position of Nanobryum warrant closer investigation. This monotypic genus is sometimes placed in its own family but was synonymised with Fissidens by Pursell and Reese (1980) . The present data indicate that, at best, Nanobryum and Fissidens are sister, and the likelihood analysis suggests that the two are not even particularly closely related.
Clades E-H comprise largely Pottialean taxa. The only strongly supported groups within this assemblage correspond to the Calymperaceae and the Pottiaceae. Although Octoblepharaceae are sister to Calymperaceae in the MP analyses, this relationship has weak support and is lost under the likelihood criterion.
The Pottiaceous clade (Clade H) constitutes a wellsupported group, but conflicts significantly with recent (Zander 1993; Buck and Goffinet 2000) as well as traditional circumscriptions of the family. The inclusion of Splachnobryum, Goniomitrium and Ephemerum in the Pottiaceae as discussed in some detail previously Goffinet et al. 2001) , is strongly supported by the present evidence. Tridontium, considered by Zander (1993) to be related to Scouleria, is a member of this clade, while Timmiella and Hypodontium clearly should be excluded from the Pottiaceae. As noted above Timmiella is part of the proto-haplolepideous grade. The actual position of Hypodontium is not robustly supported in the current analyses. However, evidence from nuclear as well as additional chloroplast sequences show that this Southern African genus is not nested within any of the currently recognised families (Hedderson, Nowell & Manyanga, unpublished data) . Some of the relationships within the Pottiaceae conflict with current intra-familial taxonomies. For example, sinking Phascum cuspidatum into Tortula (Zander 1993) renders the latter paraphyletic since Phascum is strongly supported as sister to Stegonia. Again, however, much more extensive sampling within the family is needed to clarify relationships.
The present data provide no evidence for recognising the Cinclidotaceae. Cinclidotus fontinaloides and C. mucronata form a well-supported sister group that is nested within the Pottiaceae. Recognition of the segregate genus Dialytrichia to accommodate C. mucronata also seems unwarranted since the main justification for the genus has been that the remainder of Cinclidotus falls outside the Pottiaceae.
The family Ephemeraceae, assigned to the Pottiales by Buck and Goffinet (2000) , is polyphyletic. While Ephemerum, the type genus, is nested within the Pottiaceae, Micromitrium is sister to the Archidiales-Leucobryaceae clade described above. A third genus, Nanomitrium, was not sampled. The only features common to the three genera are the small size, and the persistent protonemal phase with highly reduced gametophores. These features are found repeatedly in mosses that adopt an ephemeral life history, regardless of phylogenetic relationship (Hedderson and Longton 1995) . Some species of Weissia, a member of the clade including Ephemerum, approach Ephemerum in their reduced size, immersed sporophytes and persistent protonema. Familial assignment of Micromitrium remains uncertain. It is not nested within any of the existing families, and a new family may need to be erected to accommodate it. Additional sampling of both Micromitrium and Nanomitrium is necessary to clarify their phylogenetic relationships.
A clade corresponding to the Rhabdoweisiaceae (Clade G in part), recovered in all the analyses, has moderate support under the likelihood criterion and a high posterior probability. In our analyses, as in those of La Farge et al. (2000) , this clade includes Arctoa and Kiaeria, taxa usually assigned to the Dicranaceae (Buck and Goffinet 2000) . Kiaria glacialis, assigned to that genus based on costa anatomy and its autoicous sexuality, is sometimes placed in Dicranum because of its large size. However, it clearly belongs in the Rhabdoweisiaceae rather than in the relationship of Dicranum.
Whilst Dicranoweisia crispula is part of the proto-halopeloideous assemblage discussed above, D. cirrhata is resolved within the Rhabdoweisiaceae, as in the analyses of La Farge et al. (2002) . In its current circumscription, the genus is united predominantly by possession of erect, cylindrical capsules. This feature is clearly highly homoplasious and appears to be the plesiomorphic state among Dicranidae, with multiple independent origins of variously curved or inclined capsules. In gametophytic features, D. cirrhata is more similar to certain members of the Rhabdoweisiaceae (e.g. Cynodontium) than the remainder of Dicranoweisia. For example, it lacks the bi-to multi-stratose cells of the upper leaf, as well as the peculiar longitudinal cuticular striations that occur in most species of the genus. It would be of considerable interest to sample Southern Hemisphere representatives, which are gametophytically similar to D. crispula, better to identify the limits of the genus.
The dioicous Dichodontium, sometimes placed in Rhabdoweisiaceae, is instead resolved sister to Dicranella palustris, which it resembles in a number of features including leaf shape and peristome structure. A similar result was reported by Stech (1999) based on variation in the trnL-trnF region of chloroplast DNA. As noted by La Farge et al. (2000) this leaves the Rhabdoweisiaceae consisting entirely of autoicous taxa.
Ditrichaceae (after removal of D. flexicaule and Distichium as noted above) are consistently resolved as a paraphyletic group and Ditrichum itself is polyphyletic. The MP and ML analyses differ with respect to the placement of this ditrichaceous grade. In the former, it comprises the base of the clade that also includes Rhabdoweisiaceae while in the latter it grades into the Pottiaceae. The terete, filiform, papillose and, often, twisted peristome teeth found in Ditrichaceae are shared with the Pottiaceae (Zander 1993) . Based on the ML topology, these characters might constitute synapomorphies for a combined Pottiaceae-Ditrichaceae clade. Under the MP reconstruction, they would optimise at the base of the more inclusive Rhabdoweisiaceae-Ditrichaceae-Pottiaceae lineage with a secondary loss in the Rhabdoweisiaceae. Zander (1993) has also commented on a number of gametophytic characters shared between Pottiaceae and some members of Ditrichaceae.
The relationships of several critical taxa that fall into the ''pottialean'' group remain ambiguous. Among the most significant are Schistostega, Rhachitheciaceae and Erpodiaceae. All of these have reduced or otherwise highly modified morphologies so that their placement is also ambiguous on those grounds.
Taxonomic Implications. The analyses documented here indicate that the taxonomy of many haplolepideous groups will need extensive alteration. Quite apart from higher-level issues of familial and ordinal circumscription, a large problem exists with the application of generic names. Among the most obvious are the clearly polyphyletic genera. The type of Dicranoweisia (D. crispula), for example, falls into the protohaplolepideous grade, whilst D. cirrhata is a member of the Rhabdoweisiaceae (see above). Assuming this result is corroborated by additional data, the latter must be transferred to an existing genus or a new one erected to accommodate it. For the same reason it appears that a new genus will need to be erected to accommodate Ditrichum flexicaule (type of the genus ϭ D. heteromallum). The problem is even more acute in this example since the remainder of Ditrichum is paraphyletic, so that the rest of the species also present problems of generic assignment.
These problems, as well as many issues relating to higher-level (i.e. supra-familial) relationships within the Dicranidae as a whole, obviously need to be addressed in the interests of a stable classification that truly reflects common ancestry. However, alterations need to be made in the context of much wider species sampling. In addition, hypotheses advanced here need to be tested by data from additional DNA regions. Most recent studies have for various practical reasons, targeted plastid loci. However the plastid genome is inherited as a unit and uniparentally, so there is a danger that our current understanding of moss phylogeny in reality encompasses only the chloroplast history (see comments on Bryoxiphium above). It is essential therefore that future studies begin to include information from other genomes, and especially nuclear loci, to facilitate a better understanding of the entirety of moss evolutionary history.
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